Application of an electric field across the vapor gap fundamentally eliminates the Leidenfrost state by attracting liquid towards the surface. This study uses acoustic signature tracking to study electrostatic suppression of the Leidenfrost state on solid and liquid surfaces. It is seen that the liquid-vapor instabilities that characterize suppression on solid surfaces can be detected acoustically. This can be the basis for objective measurements of the threshold voltage and frequency required for suppression. Acoustic analysis provides additional physical insights that would be challenging to obtain with other measurements. On liquid surfaces, the absence of an acoustic signal indicates a different suppression mechanism (instead of instabilities). Acoustic signature tracking can also detect various boiling patterns associated with electrostaticallyassisted quenching. Overall, this work highlights the benefits of acoustics as a tool to better understand electrostatic suppression of the Leidenfrost state, and the resulting heat transfer enhancement.
Introduction
On sufficiently hot surfaces, a droplet can rest on its own vapor. This well-known phenomenon, known as the Leidenfrost effect, has been widely studied [1] [2] [3] [4] [5] [6] [7] [8] , with the goal of elevating the Leidenfrost temperature to prevent surface dryout. There is significant literature on different aspects of the Leidenfrost effect including geometry of the droplet [9, 10] , droplet oscillations [11] [12] [13] [14] [15] , self-propulsion of Leidenfrost droplets and Leidenfrost state-based drag reduction [16] [17] [18] [19] . Recent studies show that an externally applied electric field in the vapor gap fundamentally eliminates [20] [21] [22] [23] [24] [25] [26] [27] the Leidenfrost state by electrostatically attracting the droplet towards the surface. Both Direct Current (DC) [22] [23] [24] [25] [26] and Alternating Current (AC) [27] fields have been used for Leidenfrost state suppression on solid and liquid surfaces.
One limitation in such studies is the reliance on visual and optical measurements to infer the physics underlying suppression. In our earlier studies [22, 25, 27] high speed imaging was used to detect instabilities at the liquid-vapor interface, which indicate suppression. Celestini et al. [20] used interferometry in their study on electrical suppression. While such techniques do yield important insights, the measurements are subjective, and have significant uncertainty. Furthermore, these techniques cannot be used to study more complex situations, e.g. Leidenfrost state on a deformable liquid surface, where the vapor gap is not visible from the side.
This work uses acoustics to study electrostatic suppression of the Leidenfrost state.
Previously, acoustic measurements have been used to characterize fundamental mechanisms underlying nucleate and film boiling like bubble generation, collapse and coalescence [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] .
Bubble-related phenomena have an acoustic signature, which depends on the bubble size, superheat and liquid properties. Application-oriented studies have utilized acoustic signature tracking to understand boiling in a reactor core [29] , quenching of metals [34, 35, 36] and pump cavitation [37, 38] . Acoustics has also been utilized to study droplet impact on surfaces [39] .
Two recent studies [40, 41] used acoustics to confirm the existence of the Leidenfrost state.
Absence of an acoustic signature indicated the Leidenfrost state; distinct sound signals were recorded upon loss of the Leidenfrost state when the droplet touched the surface.
This work uses acoustics to study various aspects of electrostatic suppression of the Leidenfrost state. Acoustic signal tracking enables objective measurements of the threshold voltage and frequency required for suppressing the Leidenfrost state. It also offers additional physical insights that would not have been possible with visual measurements. Along with droplet-based experiments, this study also uses acoustics to detect boiling patterns associated with electrostatically-assisted quenching. Figure 1 shows a schematic of the experimental apparatus. Leidenfrost state suppression was studied on solid (aluminum wafer) and liquid (silicone oil pool) surfaces, on a hot plate. Surface temperature was measured with a thermocouple and an infrared camera. Droplets (isopropanol, acetone and methanol) were micropipetted on the surface (above Leidenfrost temperature) while in contact with a 100 μm diameter aluminum wire. This wire restricts droplet mobility and electrically biases the droplet; the substrate is electrically grounded. Suppression was visualized with a high-speed camera, as in previous studies [22, 27] . All experiments were repeated and the reported results are the average of at least 4 measurements.
Description of experiments and analysis procedure
The acoustic signature of the droplet was recorded (24-bit samples at 96 kHz) by a microphone (Earthworks M23), located 10 cm away from the droplet; the microphone was connected to a recorder (Roland R-26). All experiments were conducted in an anechoic chamber, which minimized reflections (down to 250 Hz) and provided a low ambient noise environment.
Acoustic signals were analyzed using the software Raven (Cornell University). A high pass filter (>300 Hz) was applied to all measurements to eliminate low frequency noise from the experimental apparatus that was below the frequency range of interest. Applying 300V (greater than threshold voltage) results in a sudden increase in the acoustic pressure, as liquid wets the surface and the Leidenfrost state is suppressed. Early stage suppression (between 1.5 and 2.5 seconds) has a higher acoustic pressure, which decreases as the droplet evaporates. After the droplet completely evaporates (4.75 seconds), the acoustic pressure returns to the original state. 
Results and discussions
Experiments were conducted to estimate the threshold DC voltage for suppression while recording the acoustic output of the process. Before delving into the results, details of the mechanism underlying suppression are briefly reviewed (they are discussed extensively in [25] ).
The interplay between the destabilizing force (electrostatic attraction) and stabilizing forces (capillary force and evaporation-induced pressure buildup) results in a wavy liquid-vapor interface. Above the threshold voltage, electrostatic forces dominate and the instabilities grow to bridge the vapor gap. Liquid impact on the solid surface generates an acoustic signal, which is captured by a microphone in the present work.
The microphone signal was converted to an acoustic pressure signal using a standard microphone calibrator. The RMS acoustic pressure was then calculated for the time period corresponding to suppression (e.g. between 1.5 s and 4.75 s in Fig. 2 ). Figure 3 shows the RMS acoustic pressure versus applied voltage for 30 µL isopropanol droplets on an aluminum substrate at 300 °C and 540 °C. The inset of Figure 3 shows a threshold voltage of 60 V (estimated as the voltage beyond which the slope of the curve changes by 10X). In our earlier study [22] , the threshold voltage was estimated by visual observation of instabilities at the liquidvapor interface, which cause liquid fingers to bridge the vapor gap. However, visual detection is subjective and depends on the quality and magnification of imaging. In this study, such instabilities are detected visually only at 75V. The difference between the two methods is significant; these results suggest that visual measurements would over-predict the threshold voltage by 25%. It is noted that the reported RMS acoustic pressures were obtained by averaging from the onset of suppression till complete droplet evaporation. Also, the RMS acoustic pressure below threshold voltage was not zero; the ambient noise floor was 0.5 mPa. 3 also shows that the RMS acoustic pressure steadily increases after the Leidenfrost state is suppressed, due to more intimate solid-liquid contact. Surface temperature influences the threshold voltage and acoustic pressures, as seen in experiments at 300 °C and 540 °C. At belowthreshold voltages, the two curves overlap, due to the absence of any solid-liquid contact. Using this acoustic technique, the threshold voltage is measured to be 40V and 60V at 300 °C and 540 °C, respectively. This is expected, since a lower temperature reduces vapor pressure build-up beneath the droplet, which needs to be overcome by the electrostatic force. RMS acoustic pressure will increase in the post threshold voltage regime; however, the lower temperature surface offers less resistance to wetting, leading to more frequent instances of wetting, which elevate RMS acoustic pressures. Such distinctions are difficult to obtain from visual measurements and highlight the utility of this technique. These findings also suggest that with careful calibration, this technique can be used to estimate surface temperature.
Acoustic detection of electrostatic suppression using AC fields, was studied next. In our recent study [27] , it was shown that the frequency of the AC waveform significantly determines the extent of suppression. At low frequencies (compared to the inverse of charge relaxation time), the applied electric field concentrates in the vapor gap (droplet is electrically conducting and equipotential), which maximizes the electrowetting force. As the frequency is increased, the electric field penetrates into the droplet, which reduces its strength, and therefore the extent of suppression. The threshold frequency is defined as the minimum frequency required to completely eliminate electrostatic suppression. Beyond the threshold frequency, the electric field exists in the entire droplet (which behaves as an insulator); this effectively stops suppression.
The frequency of an AC waveform can thus counter the applied voltage. All these considerations are conveniently captured by the complex permittivity of the fluid [27] :
where k is the dielectric constant, σ is the electrical conductivity and ω is the AC frequency.
The first and second terms represents the capacitance and electrical resistance, respectively. As the frequency increases, the influence of electrical conductivity is reduced. Equation 1 shows that high frequencies negate the effect of the applied voltage, and eliminate suppression. The threshold frequency to eliminate suppression will also depend on the magnitude of the applied voltage.
The results of threshold frequency measurements for isopropanol droplets are shown in Figure 4 for 100 V AC and frequencies in the range 10-45 kHz. It is seen that RMS acoustic pressures decrease with increasing frequency. The threshold frequency corresponds to the plateauing of this curve and is measured to be 42.5 kHz. This is confirmed by visual absence of liquid fingering. A calculation of the charge relaxation time for isopropanol indicates a threshold frequency of 38 kHz, which is close to the measured value. These results again highlight the utility of acoustic techniques for objective characterization of suppression. It is noted that the ambient noise floor for AC experiments (0.9 mPa) is larger than DC experiments (0.5 mPa); this can be attributed to the acoustic noise produced by the AC function generator being louder than the DC equipment. Insights obtained from acoustic measurements of Leidenfrost state suppression on liquid substrates are described next. In a recent study [26] , we highlighted several interesting aspects of suppression on heated silicone oil surfaces. Firstly, the Leidenfrost droplet deforms the substrate, ( Figure 5a ). Secondly, the electric field is distributed in the vapor gap and the silicone oil substrate. This fundamental difference in the electric field distribution (compared to conducting substrates) implies that the droplet sees a downward electrostatic force even after completely penetrating the substrate liquid. Indeed, the droplet completely sinks into the silicone oil substrate (Figure 5a) . Interestingly, the threshold voltages are significantly lower [26] on silicone oil, and range from 10-25 V, depending on the thickness of the silicone oil pool. In a recent study [42] , we establish that temperature gradients on the droplet and substrate surfaces enable The voltage difference across the vapor gap is even lower, since a majority of the applied voltage is expressed across the silicone oil layer. These differences suggest that a different mechanism is responsible for suppression, instead of interfacial instabilities, which explain suppression on solid surfaces. Also, direct visualization of instabilities in the vapor gap is not possible, due to the deformation of the substrate.
Acoustic signature tracking conveniently overcomes this limitation. Figure 5b shows the RMS acoustic pressure versus voltage for 10 µL isopropanol droplets on silicone oil at 150 °C.
No acoustic signal is detected despite suppression, which is easily confirmed visually. This clearly suggests that sound-producing instabilities and fingering events do not occur.
Understanding the specific mechanism underlying suppression is beyond the scope of this study.
These experiments again show the value of acoustic detection, as the absence of instabilities would have been challenging to detect using other techniques. The present measurements can not only pinpoint the threshold voltage, but also yield more accurate estimates of heat transfer benefits of suppression. To first order, the heat dissipation capacity can be estimated by measuring the droplet evaporation rate (image processing). The heat dissipation capacity can be predicted using q '' =(m.h fg )/ (A.t b ) , where m is droplet mass, h fg is latent heat of vaporization, t b is the droplet lifetime and A is the solid-liquid contact area. Our previous estimate [22] was based on the footprint area of the droplet on the surface; however, this is inaccurate since the droplet does not wet 100% of the footprint area. The actual liquidsolid contact area can be estimated by linearly scaling the area in proportion to the measured RMS acoustic pressure at a particular voltage. This hypothesis assumes that the number of solidliquid contact events influence the contact area and the generated acoustic pressure in the same manner. Acoustic measurements also enable more accurate measurements of the droplet lifetime. Figure 6 compares the presently-estimated heat dissipation capacity with previous estimates [22] . It is seen that the heat dissipation capacity, when factoring in the actual solid-liquid contact area (under the hypothesis that the contact area scales linearly with the acoustic pressure), is significantly higher than the apparent heat dissipation capacity. The actual heat dissipation capacity is up to 270% higher than previously estimated. This study reports heat flux dissipation exceeding 400 W/cm 2 for evaporating droplets. This exercise again highlights the utility of acoustics as a tool for better understanding the thermo-fluidics of the Leidenfrost state. The final set of experiments were about electrostatically-assisted quenching of metals. At very high temperatures, typical of quenching, a vapor film forms on the surface. This film can be electrostatically suppressed [23] , which significantly accelerates the cooling rate. In this study, heated 2.54-cm-diameter copper spheres were immersed in an isopropanol bath. The sphere had an ungrounded K-type thermocouple at the center. A wire biased the sphere and a potential difference across the vapor gap was established by a grounded electrode in the bath. The apparatus and procedure previously described were employed again, but the microphone was replaced with a hydrophone (Teledyne Reson TC4013) submerged in the liquid bath, 5 cm away from the sphere. The acoustic signature of the quenching process was recorded and hydrophone signals were converted into acoustic pressure signatures using factory calibration.
Images of the sphere in field. Finally, the acoustic signature of the natural convection region is almost identical for the two cases. This is expected since the influence of the electric field is no longer at play (due to the absence of the vapor gap). Together, all these results highlight the wealth of information that can be inferred from acoustic signature tracking of electrostatically-assisted quenching. In conclusion, this study shows acoustics as a powerful tool to analyze electrically enhanced boiling in droplet and pool boiling configurations. Threshold voltage/frequency and the transition between various boiling regimes can be objectively determined by tracking the acoustic signature. With appropriate calibration, this technique can also be used to estimate surface temperatures, heat flux and onset of dryout associated with electrically enhanced boiling.
